Guar gum and its derivatives are highly important industrial hydrocolloids as they find applications in various industrial sectors. Guar is a polymer of high molecular weight and its aqueous solutions exhibit unique rheological properties, which has led to its wide acceptance by the industry. In certain industrial applications low molecular weight guar and its derivatives are needed, and conventionally chemical depolymerisation of guar is carried out for this purpose. Radiation processing is a novel and green technology for carrying out depolymerization and can be an ideal substitute for chemical depolymerisation technique. In order to study the effect of radiation on guar derivatives, three types of derivatives have been taken in the present study: carboxymethyl, hydroxyethyl, and methyl guar. The effect of 1-50 KGy radiation dose on the rheological behavior of these derivatives has been studied, and the results have been described in the present paper. The effect on storage and loss modulus with respect to frequency and effect on viscosity with respect to shear rate have been discussed in detail.
Introduction
Guar gum is a polygalactomannan found in the endosperm of the seeds of the plant Cyamopsis tetragonolobus. It is a hydrophilic heteropolysaccharide of mannose and galactose monomer units where the mannose forms the main linear chain of the polymer and the galactose forms the pendant branches. The mannose units are linked together by -1,4 glycosidic bonds and the galactose units are linked to mannose through -1,6 glycosidic bonds [1] . The mannose to galactose ratio of guar gum has been reported to be approximately 2 : 1. Thus, every second mannose unit bears a branch of galactose unit.
Guar gum is a high molecular weight polysaccharide (generally more than 2 million g/mol) that can form extensive intermolecular H-bonding resulting in high solvation and thereby increased viscosity [2] . These attributes of guar gum find it varied applications in the industry [3] [4] [5] [6] [7] [8] [9] [10] [11] . Guar gum functions as a thickener, emulsion stabilizer, gelling agent, film former, or texture modifier.
Despite the unique rheological behavior there are certain limitations of guar gum which need to be overcome to ensure its effective use. The excessive hydrophilicity of guar gum along with the high molecular mass prevents complete or homogeneous solvation or hydration of the polymer. The resulting two-phase aqueous solution has certain regions showing increased viscosity and other regions showing the solid phase of undissolved guar gum. The other drawback of guar gum is the low thermal and shear stability, as observed in other natural polysaccharides, which reduces the durability and imposes temperature and heat conditions for its effective performance.
In order to overcome the disadvantages of guar gum, its modification is carried out mainly by the functionalization of the hydroxyl groups present on guar backbone. Various functionalities can be introduced on guar by carrying out etherification of guar with different reagents as shown in Table 1 .
Another aspect of guar gum is its high molecular weight, which may not be always desirable. In several industrial applications, low molecular weight guar is used, which is conventionally produced by degradation of native guar by following chemical route. A novel method for degradation of guar can be radiation processing technology. A comparison 2 International Journal of Carbohydrate Chemistry Hydroxyethyl/propylation Ethylene/propylene oxide of the methodology followed for the degradation of guar by conventional route and by radiation processing is given in Figure 1 .
The most important property of guar gum is its unique rheology, which makes it an invaluable industrial product. The rheological behavior of guar has been a subject for study for scientists world over. Venkataiah and Mahadevan [12] investigated the aqueous solutions of guar gum as well as its nonionic hydroxypropyl and anionic carboxymethyl derivatives for their flow properties in the range of low to moderately high shear rates and observed the transition from Newtonian fluid to pseudoplastic fluid. Wientjes et al. [13] studied the linear viscoelastic behavior of guar gum solutions as a function of frequency, temperature, polymer concentration and molecular weight and revealed the importance of different relaxation mechanisms. Aubry and Moan [14] focused on the rheological effect of hydrophobically modified hydroxypropyl guar gum and demonstrated that the linear and nonlinear rheological behaviors of such associating systems were dependent on the nature, concentration, and distribution along the chain of hydrophobic junctions. Zhang et al. [15] have studied the semidilute solutions of hydroxypropyl guar gum (HPGG) with respect to their viscosity changes under various HPGG concentrations added salts and temperatures could be well described by the Cross viscosity model.
In the present paper, the effect of irradiation on guar and its carboxymethyl, hydroxypropyl, and methyl derivatives has been studied in respect to the change in the rheological behavior.
Materials and Methods
The methodology followed for studying the effect of radiation processing on guar and its derivatives involved the following steps.
Guar Gum and Derivatives.
The sample of guar gum was procured from a local supplier. The carboxymethyl, hydroxypropyl, and methyl derivatives of D.S./M.S. 0.1 and 0.2 were synthesized by well-established techniques as published previously [16, 17] .
Irradiation of Samples.
Guar gum and its derivatives (hydroxypropyl, carboxymethyl, and methyl of DS 0.1 and 0.2) were sealed in plastic bottles, which were packed in a cardboard box. The box was then irradiated at different doses (1, 2.5, 5, 10, 20, and 50 KGy) at the Co-60 gamma irradiation facility available within the institute. All specimens were finely grounded to pass 200 m sieves before subjecting them to irradiation. The irradiation was carried out on 200 g batch size in case of all the specimens at each dose.
Preparation of Solutions.
The moisture content of every sample was determined by heating the sample in an air circulating oven till constant weight. Aqueous solutions of 1% were prepared after applying the moisture correction factor. The desired amount of sample was weighed and dissolved in required amount of water using either an overhead motorized stirrer or a magnetic stirrer. Three hours of stirring was given to each sample before allowing it to stand overnight at ambient conditions. The following day the solution was considered ready for the rheological evaluation.
Rheological Evaluation.
The rheology study of 1% aqueous solutions of guar gum and its hydroxypropyl (M.S. = 0.1 and 0.2), carboxymethyl (D.S. = 0.1 and 0.2), and methyl derivatives (D.S. = 0.1 and 0.2) was carried out on the Rheometer (MARS, Thermo Fisher) at 25 ∘ C temperature. The linear viscoelastic range was determined from the amplitude sweep by varying the shear stress at a constant frequency of 1 Hz. Next, the frequency sweep was carried out at a shear stress (or amplitude value) lying in the linear viscoelastic region. The effect of shear rate on the viscosity of samples was also determined by studying the change in viscosity with varying shear rate from 1 to 30 rpm.
Results and Discussion
Guar gum and its derivatives of carboxymethyl, hydroxypropyl, and methyl derivatives with 0.1 and 0.2 DS/MS were studied by rheology before and after gamma irradiation to understand the effect of radiation on the viscosity of the sample. The effect of ionizing radiation on polysaccharides is International Journal of Carbohydrate Chemistry 3 known to cause degradation with a consequent loss in the viscosity. The derivatives of polysaccharides like carboxymethyl derivative of cellulose are, however, known to result in formation of gel when their aqueous solutions are subjected to an appropriate radiation dose. The competition between radiation-induced chain scission and chain crosslinking influences the resulting viscosity or formation of gel by the polysaccharide after irradiation. Thus, polysaccharides can be modified using ionizing radiation provided there is a possibility of reducing chain scission and/or favoring chain crosslinking during irradiation.
The following sections discuss the rheology studies for each sample separately.
Study on Change in Storage Modulus and Loss Modulus.
The plot obtained from the frequency sweep study gives the effect of change in frequency on the storage (elastic, ) and the loss (viscous, ) moduli. The effect of radiation on the storage modulus and loss modulus was studied and the change in crossover frequencies of irradiated samples has been given in Table 2 . The effect of radiation on the rheological behavior of each of the derivatives has been described separately. (ii) As shown in Table 2 (iii) This can also be explained by saying that during frequency sweep study, the chains get pushed towards each other and form aggregates. The carboxymethyl group being an ionic group will cause repulsion amongst the chains due to repulsion between likecharged moieties. Thus, a greater frequency will be needed to push the chains together in case of a sample having higher ionic substituents, that is, CMG of D.S. = 0.2, to form aggregates leading to solid-like or elastic behavior.
(iv) Beyond 5 KGy radiation dose, the crossover frequency is very close for both CMGs because the molecular chain breaks on irradiation leading to formation of small oligomeric chains of similar size in both CMGs of D.S. of 0.1 and 0.2. Thus, the effect of frequency is felt equally by both these samples.
(v) The values of and are seen to decrease with the increase in radiation dose, which indicates chain scissioning.
Another aspect is the effect of radiation on the carboxymethyl guar. As seen from Table 2 , the crossover frequency increases with the increase in radiation dose up to 5 KGy and then it starts to decrease. Irradiation leads to breaking up of the chain leading to reduction in molecular weight. Up to 5 KGy radiation dose, chain scissioning is taking place leading to decrease in molecular weight and less interaction of the smaller chains formed. As the interaction between the chains decreases, viscous behavior predominates or in other words elasticity or the solid-like behavior gets decreased. Now, beyond 5 KGy radiation dose, it is observed that the crossover frequency gets decreased, which may signify formation of aggregates between the chains leading to more solid-like behavior at lower frequencies. 
Methyl Guar.
The methyl guar (MG) samples were irradiated and their viscoelastic behavior was studied as described in the previous section. The change in storage (elastic, ) and the loss (viscous, ) moduli was studied over a range of frequency 1 to 30 Hz and the results obtained have been shown in Figures 6 and 7 .
The following observations were made from the results. In case of MG of D.S. 0.1, no crossover of and curves is seen in unirradiated and irradiated sample at 1 KGy dose. This shows that the elasticity predominates. Methyl group is hydrophobic in nature and its substitution reduces the number of hydroxyl groups on guar molecule and opens up the guar chains. This leads to more number of intermolecular interactions than intramolecular interactions and thus increases elasticity.
(i) On increasing the radiation dose up to 10 KGy, the elastic component decreases. This can be attributed to the fact that chain scissioning takes place and now the H-bonding interactions take place between smaller chains, which reduces the elasticity and viscous behavior predominates. Due to this, the crossover frequency increases till 10 KGy dose. (ii) Beyond 10 KGy dose, there is increase in the elastic component, which may be because of interactions in the smaller chains because of hydrophobic methyl group.
Study on Effect of Irradiation on Shear
Rate. The effect of radiation on the change in viscosity with increase in shear rate (1 to 30/s) was studied and has been shown in Figures 8  to 13 . To analyze this data, the minimum viscosity (viscosity obtained at shear rate value of 30/s) obtained for each of the samples was plotted against the radiation dose ( Figure 14 ) and the shear rate at which shear rate versus viscosity curve reaches a plateau was plotted with respect to the increase in radiation dose (Figure 15 ) for all the samples (CMG, HEG and MG). Figure 14 , the minimum viscosity attained by the 1% solution of various derivatives both before and after irradiation shows a decreasing trend with respect to increase in the radiation dose. The decrease is less pronounced in the case of samples having higher substitution, which shows that samples with greater substitution level exhibit higher resistance to depolymerisation. Figure 15 shows the effect of increasing the radiation dose on shear rate needed to achieve nearly constant viscosity with respect to change in shear rate. As the radiation dose is increased, the shear rate value, at which nearly constant viscosity is achieved, decreases and at the same time the behavior of the three types of derivatives is quite different for each type. In case of CMG, the shear rate required to achieve nearly constant viscosity decreases with the increase in radiation dose. This means that as the radiation dose is increasing, the shear stability of carboxymethyl guar is increasing. In other words, the oligomeric chains of carboxymethyl guar formed on its irradiation exhibit better shear stability. When we look at the results obtained in case of hydroxyethyl guar, then it becomes evident that nearly constant viscosity in this case is achieved at higher shear rate values, although a decreasing trend in shear rate values is observed in this case also. In case of methyl guar also, on increasing the radiation dose, the shear rate required to achieve nearly constant viscosity decreases. In case of methyl guar of D.S. 0.1, the shear rate value was found to be nearly constant from 2.5 to 50 KGy radiation dose.
Radiation Dose versus Viscosity. As evident from

Radiation Dose versus Shear Rate.
Conclusion
The depolymerisation of polymers and polymeric materials by radiation processing is a dry technique. Further, for achieving the desired results, one does not have to use any of the additives. In other words, by radiation processing one can depolymerize guar powder as such without making its solution in water and without incorporation of additives.
Radiation processing of materials such as polymers, food products, precious stones, medical goods, has been widely adopted industrially since it is a continuous operation, which is highly precise, energy saving, and reproducible.
International Journal of Carbohydrate Chemistry The depolymerisation of synthetic polymers by radiation processing for recycling of monomers has been known for quite some time. The present paper is an attempt to initiate the use of this technology for radiation processing of modified natural polymers. The gamma irradiation facility used for the current studies is an industrial plant and it has been in operation for about 20 years now where large volumes of industrial products are irradiated every day.
From the results presented here, it is evident that the depolymerisation of guar is achieved with the radiation dose of 1 KGy and above, as seen from the observation of viscosity of 1% of guar derivatives getting reduced from as high a level as 10,000 cps (for unirradiated guar derivative) to as low a level as 1 cps at 25 ∘ C (for guar derivatives irradiated at 20-50 KGy).
Inspite of this knowledge, which can be easily used for scaling up of the process to commercial level, doubts are raised about the scalability of the process. Whether the process can be used for bulk material is the common apprehension in the minds of the processors of guar. While the present study would help clear many of the doubts regarding the suitability of radiation processing technology, but the data about the scalability of the process would actually eliminate all sorts of doubts.
Eventhough, the results presented in this paper pertain to the batch size of 200 g for each guar derivative at each dose, the same was found valid even for the bigger batch size (in tons). The results of large batches were the same as obtained for the small batches. Here, it must be mentioned that the dose optimization for the purpose would be necessary for the purpose of studying the scalability.
From the present study the following can be concluded.
(i) Radiation processing of guar derivatives leads to their chain scissioning.
(ii) Radiation processing leads to reduction in viscosity of aqueous solutions of guar derivatives.
(iii) Irradiation technique can be a good tool for tailor making the guar derivatives of desired rheological properties.
(iv) The minimum viscosity attained by the 1% solution of various derivatives shows a decreasing trend with respect to increase in the radiation dose. (vii) In case of methyl guar, on increasing the radiation dose up to 10 KGy, the elastic component decreases. This can be attributed to the fact that chain scissioning takes place and now the H-bonding interactions take place between smaller chains, which reduces the elasticity and viscous behavior predominates. Due to this, the crossover frequency increases till 10 KGy dose.
(viii) As the radiation dose is increased, the shear rate value at which nearly constant viscosity is achieved decreases.
